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EXECUTIVE SUMMARY

A principal component for the desiqn of future surveillance systems

is a detailed description of rocket plume characteristics. This description

of plumes is primarily built upon state-to-state excitation cross

sections for certain very specific collision processes. These processes,

predominantly involving atomic oxygen and plume exhaust gases, are now

believed to be the crucial driving mechanisms for the enhanced intensity

of infra-red radiation from plumes at altitudes above 100-200 kilometers.

Such cross sections arc requisite input to sophisLicated hydrooynamic

plume modeling codes, which require kinetic information for as many as

one hundred different micrcscopic molecular processes.

For many of these kinetic processes, the required information

is not available from experiment. In other cases, the experimental methods

have proven expensive, and sometimes unreliable. it is felt that the

sophisticated methods of modern theoretical chemistry can often provide a

cost-effective means for predicting state-to-state cross sections caused

by collisions in plumes. Theoretical calculations also assist in the

interpretation of the experimental results.

The intent of this project is to use current, state-of-the-art

ab initio theoretical chemistry computations to predict a series of cross

sections for vibrational excitations caused by O(3P) atoms colliding with

the two plume soecies, H 2 0 and CO2. These studies are the first results

of- systems of this complexity, determined at the degree of sophistication

employed in this investigation. All calculations are "first-princiole",
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meaning they are built solely upon the laws of physics and quantum

,mechanics. Only a knowledge of the atoms and molecules involved in the

collision is required information. There is no scaling to experimental

values, no adjustable rarameters, and no attempt to use crude,oiten

structureless,models for the collisions. Furthermore, most of the

results reported here have been obtained prior to any experimental

information.

In the collision of O(3P) with H20(IA1 ), results are reported

for the vibrational excitation cross sections, (001), (100), (010), (011),

(110), (200), (020), and (002), at a collisional velocity ranqe above

4 km/sec. For C02, the cross sections (001), (100), (010), (020),(110),

(030) over a velocity range of 6-10 km/sec are given.

The report describes the three steps in the calculation, the

ab initio computation of points on the potential energy surface for the

collision, the method of making an analytic fit to the c:omputed points,

and the details of the cross section determination by quasiclassical

trajectory methods. Emphasis is placed on the possible errors that can

occur, and the justification for the reliability of the results. Several

recommendations for future work are offered.

L•.



I. INTRODUCTION

Above 100-200 kilometers, rocket exhaust plumes show a

significantly increased level of in ,.ared emission compared to what

would be expected based upon assumptions of local thermodynamic

equilibrium' '" A large and diverse data base obtained by field

observations ind laboratory experiments, assisted by gas-dynamical models

of the upper atmosphere, have explained this increased infrared

emission by a series of basic physical mechanisms. One of these

important mechanisms involves collisions among atomic oxygen, the

dominant lower ionosphere species, and plume exhaust gases such as CO2 ,

H2 0, HF, and 1 a. These collisions cause an increase in the population

of excited, infrared active vibrational-rotational states for the

molecules 4 the exhaust oas, which then emit radiation in the infrare(d.

However, in spite of our understanding of the basic physical

mechanisms underlying the observed phenomena, there is little

detailed siqnature data for low-thrust/low-intensity targets. This lack

of information has made the design of future surveillance systems quite

difficult. (1,2)

As an alternative to a knowledge of detailed signature data,

high-altitude target prediction computer models have been used to

determine the infrared intensity levels. These computational models

employ fluid mechanics for nonlocal thermodynamic equilibrium environments,

and amonq other things, must incorpcrate data for noneouilibrium

molecular radiation phenomena.(2.'3) Consequently, these high-altitude

9



signature codes are based upon detailed information about the inelastic

energy transfer processes that occur in hypertherinal collisions.

Specifically, it is necessary to know the probability that a molecule

will undergo a particular vibrational-rotational transition when colliding

with atomic oxygen. These probabilities are referred to as "cross-

sections," and these cross-sections are required input to the computer

models of plume radiation.

In the absence of experimental determinations of such cross

,ections, it has been necessary to rely upon estimated and probably

unrealistic values for these quantities. This is the most serious

limitation of the high-altitude plume signature models. Consequently,

a substantial effort toward resolving this problem by obtaining

reliable values for these inelastic cross sections is of high priority.

Cross sections may be obtained in principle by shock-tube and

crossed-molecular beam experiments.~4 However, such experiments are

difficult to perform and to interpret. It is also possible to predict

cross sections from first-principle theoretical calculations.

This is the intent of the present project.

The contribution of accurate theoretical calculations

to the problem of vibrational excitation cross sections is three-fold:

(1) Strong theoretical support is required to assist in

interpreting the experimental dataH(2) Theoretical calculations will often be the only way

to predict cross sectionc not presently accessible

to experimental techniques

10



(3) The reliability of molecular calculations has pro-

gressed sufficiently in recent years that one can

anticipate that ab initio theoretical calcula-

tions can predict accurate values for inelastic

vibrationai cross sections in many cases.

If such theoretical calcul3tions are found to be accurate to within

a required tolerance (nominally a factor of 2), then the calculations

may become the most cost effective approach to providing the

requisite cross sections.

In the followinq, we report on the accurate, first-principle

predictions of the vibrational excitation cross sections for the reactions

O(3P) + H20(ooo) - H20(v1 l..lg 3 ) + 0(3P) (1)

and

O(3 p) + C02 (ooo) - C02 (\,iv 2 v3 ) + 0( 3P) (2)

These calculations employ techniques that are state-of-the art for

inelastic collisions of this complexity. Furthermore, with the exception

of a single shock-tube -,3ult for a cross section in H20 near threshold

that dates back to 19755) all results reported here were obtained prior

to any experimental information on these two collision systems. As such,

this effort represents something of a milestone in the application of

flrst-princ.ple theoretical calculations to the problem of

immediate importance to the national defense.

11



The theoretical approach to the prediction of cross sections

rnas three parts:

(l) Prediction of the Potential Energy Surface (PES)

for tne collision.

(2) Analytic fit to the PES.

(3) Quasiclassical trajectory calculations to

obtain the cross sections.

In order to obtain high accuracy in the predicted cross sections, it is

necessary to maintain a high standard of reliability in each phase of

this study. Section II provides a synopsis of many-body perturbation

tneory (MBPT)ý 6 7) which is the ab initio method used to generate points

on thc PES. This is followed by Section 111, a detailed discussion oF

the O(3 P) + H2 0( A,) cross sections, subdivided into four components,

the PES, the analytic fit, a discussion of the quasiclassical trajectory

methou, and the actual determination of the vibrational excitation cross-

sections. Section IV reports on the O( 3 p) + CO2 (l1 ) cross sections,

also divided into four parts. The final section, V, summarizes the project,

evaluates the accuracy of the calculations, and provides suggestions

for further work.

12



I1. A SYNOPSIS OF MANY-BODY PERTURBATION THEORY

The calculation of several points on a PES requires accurate

and efficient ab initio methods that properly include the effects of

electron correlation. This work employs MBPT built upon an unrestricted

Hartree-Fock (UHF) reference function for this purpose.(6) Although

comparatively new in applications to potential energy surfaces, MBPT

offers a number of features that recommend its development for this type

of problem.

These features include "size-extensivity" or the :orrect scaling

of the calculation with molecular size.(6' 7 ) This is important in exten-

'ions to larger molecules and in predicting the correct dissociation

energies when comparing a molecule and its fragments. (7-12) A truncated

configuration interaction (CI) calculation is not size-extensive, although

'full CV" (including all excitations) and certain other models like

gener•lized valence bond (GVB) are. Also, unlike CI, MBPT permits the

inclusion of quadruple and higher CI excitations in convenient, tractable

ways which also serves to enhance the comparative efficiency of MBPT

over CI.

There are also disadvantages, largely due to the present

practical limitation to single reference functions. (The multireference

function MBPT theories exist,(13,1 4 ) but have not yet been implemented

in general purpose codes.) A restriction to a single reference function

usually requires that an unrestricted Hartree-Fock (UHF) function be

used to study open-shell systems. This has the effect that for some

13



cases, large degrees of spin-contamination can remain in the calculations

[N 2 ( A ) is a case in point, where UHF is used to obtain correct separation

to N(4S) atoms(6)], although for many genuine open-shells this is not a

problem [e.g., 0(3P), N( 4S), HCO( 2A')].6) In the present calculations,

the multiplicity of the 0('P) + H2 0( 1A) and O(3P) + C02(1z+) surfaces

are monitored and found to always be better than 3.01, so the UHF starting

point does not suffer in this application from excessive spin contamination.

Also, only the lowest state of a given symmetry can normally be obtained

from the single-reference function approach. We will return to this last
point in the discussion of the 0(3P) + H20(IAl) surfaces.

Assuming a self-consistent field (SCF) starting point, the

defining equations of MBPT are

n
Ho [h(i) + u(i)] (1)

n _ n
V i7 rij u(i)

H4oo E000 (3)

n
Eo = •i (4)

ýo =A (xl( X2 (2) .. ''Xn(n)) (5)

E E = + 7 .oJV[(E -Ho) IvPo>L >6)
p= 0

14



The unperturbed hamiltonian, H consists of the usual one-electron

hamiltonian and the SCF effective one-particle potential. 4'o is the SCF

function composed of the occupied orbitals {xi} associated with the

orbital energies {fi). The linked diagram theorem, Eq. (6), defines the

energy as a sum of diagrams where the subscript L restricts them to "linked"

diagrams. Each diagram provides an algebraic expression in terms of the

transformed two-electron integrals, <X X IIX rs> =<pqllrs> =(xpYrlxqxs)
p q rly

and the orbital energies Ei By simply evaluating these

expressions composed solely of information generated in the SCF calculations,

the correlation contributions, En, for n>2 are obtained. This is a very

efficient process leading to easily vectorizable codes that are ideally

suited to the new generation of computers.

As an example, in second-order

2
E2 &<ijIlab, /( + F. - a ) (7)

a> b

where i, j are orbitals occupied in 40 and a, b are excited SCF orbitals.

This term, which takes a negligible amount of time in addition to the

SCF calculation, accounts for the bulk of the correlation effects in

a problem. However, we have found that to get very good relative enerqy

differences at adjacent points it is usually necessary to include E3 and

most of E4. (6,7) The latter model, SDQ-MBPT(4), refers to ill single, double,

and quadruple excitation effects through fourth-order. This model does

neglect the triple excitations, but their inclusion would excessively

increase the required computer time for what appears to be little

15



additional benefit. In comparisons with the infinite-order coupled-

cluster doubles model, one seldom finds more than 1 kcal/mole difference

due to the higher than fourth-order contributions,(6) so this model is

hiqhly stable with respect to possible higher-order corrections of the

same type as those included in fourth-order.7)

A number of applications have shown that calculations at the

SDQ-MBPT(4) level and with at least a double-zeta plus polarization

basis set are capable c' predicting the binding energies in the reactions

2BH3 -B 2 H6 , BH3 + CO-.H 3BCO, and BH3 + NH3-+H3BNH 3 to within +2 kcal/mole.AO)

Similarly, the activation barriers and tne isomerization energies of the

unimolecular isomerization reactions CH3 NC-CH 3 CN and HNC-HCN(ll) are

exceptionally accurate. In applications to the potential energy surface

(12)for the reaction HCO&-H CO; the quartic force field of H O08) and2'(9)

the step-wise decomposition of methanol,9 it is shown that metnoas

at this level are reliable for determining bond lengths and

bond angles, and in the case of H2 0, for calculating force-constants

even including the higher-order anharmonic constants. One therefore has

every reason to expect that the SDQ-MBPT(4) model with an adequate basis

set should provide an accurate description of the ground state

triplet surface.
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III. Oj(3P) + (__A, COLLISION

A. Potential Enerqy Surface

Before considering the global aspects of the O(3p) + H0(1A,)

surface, it is pertinent to focus on the two individual fragments. The

SCF and correlation energies for a range of basis sets are presented in

Table 1.

The (5s4p2d/3slp) Slater orbital (STO) basis has been used

in a study of the quartic force field of H2 0.(8) These calculations

are done using SCF, SD-CI, and with various many-body models. The

theoretical results agree well with the experimental force constants,

with the many-body values showing better agreement than SD-CI. In fact,

the most recent experimental and normal coordinate study revises several

of the previously accepted force constants to be more consistent with

these theoretical calculdtionsY') All of the cubic and quartic constants

are determined from the calculations, while the experimental studies

typically set many of these constants to zero to facilitate obtaining

the force field from the normal coordinate analysis. Hence, the

computed SDQ-MBPT(4) quartic force field for H20 is used as input to

the local description of H.0 in the 0 + H20 surface fit. This is described
2

in detail in Section 111.8.

Since it would be very expensive to use a STO basis f)r the

four atom surface calculations, a double-zeta plus polarization (DZP)

contracted Gaussian basis is used to deternine the behavior of the surface

describing the approach of the oxygen atom to the H2 0 molecule. The

results in this basis are compared fc. H20 to the STO basis and other

contracted Gaussian bases(F) in Table I. In the case of the DZP results,

17
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The double-zeta plus polarization basis are those used in the complete
surface study of the 0(3 p) + H20(lAl) surface. All calculations are done
by freezing the Is 2 core in the oxygen atoms at the SCF level. Hence,
the correlation energies reported in this case are solely for the valence
electrons.

b P. S. Bagus, B. Liu, and H. F. Schaefer, III, Phys. Rev. A2, 555 (1970).

c R. J. Bartlett, I. Shavitt, and G. D. Purvis, J. Chem. Phys. 71, 281 (1979).

d Valence shell correlation energies are obtained from the experimental
values by subtracting the KK, and KL shell contributions to the
correlation energy obtained by R. K. Nesbet, Phys. Rev. 175, 2 (1961),
for the He isoelectronic sequence.

e J. A. Pople and J. S. Binkley, Mol. Phys. 29, 599 (1975).
f A. R. Hoy and P. R. Bunker, J. Mol. Spectrosc. 74, 1 (1979).

g A. R. Hoy, I. M. Mills, and G. Strey, Mol. Phys. 24_, 1265 (1972).
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the oxygen Is electrons are kept frozen at the SCF level, so only the

valence correlation energy is computed. The other results are modified

to provide a valence correlation result for comparison.

Although the best H2 0 calculation provides about 80% of the

valence correlation energy the DZP basis still gives 69%. In addition,

the bond length and bond angle in this basis differ only slightly from

the STO calculatior. These results suggest that we should adequately

describe the shape of the surface at this level. In fact, as will be

seen below, the 0 + H2,O triplet surfaces are suffici*ýitly simple, that

even a DZ basis would not lead to much of an error in the surface. For

the oxygen atom, the UZP basis accounts for 61'. of the valence correlation

energy, leading to a separa~ed limit of -151.17567 a.u. One additional

piece of information provided in Table 1 is the barrier to inversion for

H2 0. This is found to be 1.5eV by optimizing the nonlinear and linear

H2 0 structures. Since for coll'sion energies of 0.5 to 2.5 eV inversion can

occur, the cross-sections will be sensitive to the possibility of inver-

sion in the bending mode.

The ccllision between O(3p) atoms and ground state H20 results

in three electronic surfaces that correlate with 0( 3 p). These are

illustrated in the correlation diagram in Figure 1, for different

directions of approach of the oxygen atom. The one pertinent reaction

channel giving 20H( 2 ,) molecules is also indicated. The p-imary

objective of the present work is to investigate the lowest of these

surfaces. Since all three surfaces are relevant to a desc-iption of

the collision dynamics, the higher two surfaces will be considered to

some degree.

20



FIGURE 1. CORRELATION DIAGRAM FOR DIFFERENT DIRECTIONS

OF APPROACH FOR O(3 P) + H20 (IA,)
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Depending upon the symmetry involved when 0( 3P) approaches H20,

the three electronic states may all be of different symmetries, two different

symmetries, or all of the same symmetry. As long as the symmetries are

different, the UHF-MBPT approach can be used to obtain the surface.

However, it cannot conveniently calLulate an excited surface of the same

symnetry as a lower state, since the UHF solutic, is difficult to obtain

and may suffer from large amounts of spin contamination.

If H2 0 is placed in the yz plane, such that the z-axis corresponds

to the two-fold rotation axis, as in Figure 2, different approaches may be

considered. An approach of the colliding atom in the yz plane along the

molecular axis maintains the C2v symmetry of the system. For this approach

3 3 3it is possible to obtain B1 , B2, and A2 surfaces. Similarly, an

approach maintaining a single plane of symmetry, such as along the y-axis

but in the plane of the molecule, results in Cs symnmetry with one A'

and two A" states. If there is no plane of symmetry, only the single

lowest state is obtained. Figure 2 shows the distribution of ab initio

calculations for H20 at equilibrium. Also calculations using various

displacements of H20 are used. To date, more than 90 points on the

various surfaces have been computed. Some of these are listed in TablEs 2-9.

Figures 3-7 show curves describing different cuts through the

triplet surfaces. It is apparent from all of the figures that these are

essentially repulsive, at least for small O-H bond displacements. This

should be contrasted with a surface describing the interaction between

HO and a singlet oxygen atom which would have a number of local extrema

including Lhe three minima in the H2 02 (hydrogen proxide) structure.

2 2
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TABLE 2. H2 0 AT EQUILIBRIUM.a COLLIDING O-ATOM

APPROACHING ALONG THE NEGATIVE Z-AXIS

Distance to 0 Atom(bohr)b SCF SDQ-MBPT(4)

Bl Ground State
II

-2.5 -150.56647 -150.93642

-3.0 -150.72168 -151.06774

-4.0 -150.83686 -151.16515
-6.0 -150.85317 -151.17711

-8.0 -150.85259 -151.17621

dB2 First Excited State
h2

-2.5 -150.52779 -150.88583

-3.0 -150.70554 -.151.04874
k -4.0 -150M83389 -151.16192

-6.0 -150. 852,R8 -151.17682

-8.0 -150.85253 -151.17615

A2 Second Excited State

-2.5 -150.28980 -150.64314

-3.0 -150.57280 -150.91766

-4.0 -150.80587 -151.13298
-6.0 -150.84093 -.151.17386

-8.0 -150.85171 -151.17530

a Coordinates of H2 0 molecule in bohr sare (0 :0.O,0.0,-0.12371;H:O.l,_41.43035,

0.98168). Total energies in Hartrees.
Distance is measured from the center-of-mass of the H2 0 molecule.
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TABLE 3 . ,HO AT EQUILIBRIUM.' COLLIDING O-ATOM

APPROACHING ALONG POSITIVE Z-AXIS

Distance to 0 Atom (bohr)b SCF SDQ-MBPT(4)

B Ground State

+2.5 -150.47027 -150.79727
+3.0 -150.69253 -151.02192
+4.0 -150.82630 -151.15808
+6.0 -150.85192 -151.17593
+8.0 -150.85212 -151.17578

3B2 First Excited State

+2.5 -150.43655 -150.7926n

+3.0 -150.67233 -151.02:65
+3.5 -150.77522 -151.11363
+4.0 -150.82018 -151.15090
+4.5 -150.83914 -151.16630
+6.0 -150.85111 -151.17532
+8.0 -150.85196 -151.17562

3A2 Second Excited State

+2.5 -150.20481 -150.58459
+3.0 -150.56853 -150.91886

+4.0 -150.80486 -151.13336
+6.0 -150.85295 -151.17704

+8.0 -150.85282 -151.17640

a Coordinates of H2 0 molecule in bohrs are( 0:0.0,0.0,-0.12371; H:0.0,±143085,

0.98161). Total energies in Hartrees.
b Distance is measured from center-of-mass of the H20 molecule.
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TABLE 4 H2 0 AT EQUILIBRIUM.a COLLIDING O-ATOM APPROACHING
ALONG Y-AXIS

Distance to O-Atom(bohr)b SCF SDQ-MBPT(4)

A' Ground State

+2.5 -150.38065 -150.75549

+3.0 -150.65074 -151.00760

+3.5 .150.76810 -151.10805

+4.0 -150.82002 -151.15058

+5.0 -150.85025 -151.17531

+6.0 -150.85376 -151.17801

+8.0 -150.85215 -151.17829

A" First Excited State

+2.5 -150.33535 -150.70048

+3.0 -150.63058 -150.98266

+3.5 -150.75750 -151.09635

+4.0 -150.81343 -151.14387
+4.5 -150.83676 -151.16344

+5.0 -150.84609 -151.17116

+6.0 -150.85112 -151.17538
+8.0 -150.85209 -151.17825

a Coordinates of H2 0 molecule in bohrs are ( 00.0,0.0,-0.12371

H:0.0,+1.43085,0.98168). Total energies in Hartrees.
b Distance is measured from the center-of-mass of the H2 0 molecule.
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TABLE 5 H2 0 AT EQUILIBRIUM.a COLLIDING O-ATOM

APPROACHING ALONG THE X-AXIS

Distance to *-atom',ohr)b SCF SDQ-MBPT(4)

A' Ground State (Approach in direction 0O)_

3.0 -150.72692 -151.07130

4.0 -150.83585 -151.16543

8.0 -150.8523, -151.17565

A' Ground State (!,pproach in direction +450)

3.0 -150.70467
4.0 -150.82954 -151.15960

6.0 -150.85286 -151.17663

A' Ground State (Approach in direction -45')

3.0 -150.71522 -151.05884

4.0 -150.83500 -151.16349

6.0 -150.85003 -151.17373

a Coordinates of H2 0 molecule in bohrs are( 0 :0.0,0.0,-0.12371

H:0.0,+1.43085, 0.98164). Total energies in Hartrees.
b Distance is measured from the center-of-mass of the H20 molecules.

1
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TABLE 6. H20 IN A LINEAR CONFIGURATION.a

COLLIDING O-ATOM APPROACHING ALONG THE Z-AXIS

Distance to 0-atom (bohr)b SCF SDQ-MBPT(4)

3B Ground State

-2.5 -150.5223 -150.8949

-3.0 -150.6876 -151.0306
-4.0 -510.7869 -151.1127

-6.0 -150.8017 -151.1216

N3

First Excited State
42

-2.5 -150.4982 -150.8603

-3.0 -150.6720 -150.0123

1 -4.0 -150.7826 -151.1079
-6.0 -150.8011 -151.1211

3A Second Excited State
2

-2.5 -150.3062 -150.6480

-3.0 -150.5444 -

-4.0 -150.7556 -151.0779

-6.0 -150.7991 -151.1188

a Coordinates of H20 in bohrs are (0 : 0.0,0.0,0,0; H:0.0, +1.735236, 0.0).

Total energies in Hartree atomic units.

b Distance is measured from the 0-atom in the linear H2 0 configuration.
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TABLE 7. H2 0 IN ASYMMETRIC STRETCH.a COLLIDING

O-ATOM APPROACHING ALONG THE Y-AXIS

Ib

Distance to O-Atom (bohr)b SCF SDQ-MBPT(4)

A' Ground State

+4.0 -150.81538 -151.14604

+3.5 -150,76315 -151.10243

+3.0 -150.64065 -150.99692

+2.5 -150.35848 -150.73519

-2.5 -150.37F;37 -150.75,94

-3.0 -150.64653 -151.00527

-3.5 -150.76036 -151.10242

-4.0 -150.81242 -151.14442

-6.0 -150.84798 -151.17208

-8.0 -150.84703 -151.17050

a Coordinates of H2 0 molecule in bohrs are (0: 0.0,0.0,-0.12371,

HI: 0.0,1.3640, 0.90480, H2: 0.0, -1.52390, 1.02520).
Total energies in Hartrees atomic units.

Distance is measured from the center-of-mass of the H2 0 molecule at

its original equilibrium position.

29
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TABLE 8 H20 IN A BENT CONFIGURATION.a COLLIDING

O-ATOM IS APPROACHING ALONG THE Z-AXIS

Distance to O-Atom(bohr) SCF SDQ-MBPT(4)

3
B1 Ground State

-2.5 -150.57023 -150.95284

__.0 -150.72326 -151.06877
-3.5 -150.80442 -151.13847

+2.5 -150.48542 -150.85942
+3.0 -150.70036 -
+3.5 -150.78971 -151.12909

Coordinates of H'20 molecule in bohrs are ( 0:0.0,0.0,-0.10968;
HI:0.0+1.52650, 0.87032). Total energies in Hartrees atomic units.

b
Distance to the 0-atom is measured from the center-of-mass of H20 in its
original equilibrium configuration.
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Since the ground state surface is largely repulsive the number of geometries

sampled in these calculations is not as large as would be necessary for

a surface with local extrema.

In Fiqure 3 are shown the three surfaces obtained at the SCr

(i.e., UHF) level. The strong repulsive character is evident. Also,

there is only a modest difference in the 3B1 and 3B2 corves, with slightly

3more distinction from the A2 curve. As shown in Figure 4, the behavior

is unchanged at the SDQ-MBPT(4) level. In the case of the correlited

treatment, the total energy is found to be much lower and the cu'rves Are

displaced accordingly, but from the viewpoint of collisir, dynamics,

cross sections will be affected only by the shape of the curves. A closer

comparison demonstrates that the SCý and SDQ-MBPT(4) curves for H2 0

at equilibrium are almost superimposable.

This behavior is further emphasized in Figure 5 when the SDQ-

MBPT(4) and SCF curves are compared for an approach along the y-axis of

the H 0 molecule. Although the difference between the correlated and
2

uncorrelated curves is not constant for this approach, it is close to being

so. The correlation energy is actually more nearly constant for collisions

approaching along the z-axis.

In Figure 6 comparisons of the 3B2 state at four different levels

of approximation are presented. In addition to the similarity in shape of

the SCF and SDQ-MBPT(4) curves, it is also evident that a restriction of

the basis set to DZ (double-zeta) instead of tne polarized DZP

basis also has essentially no effect on the shape. A superposition of

these curves would show no significant differences.
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This observation suggests two important points. The theoretical

calculations at several different degrees of sophistication show very

little differences, so that convergence to the correct potential surface

has been effectively achieved. Further additions to the basis set or

to the correlation effects included would not appear to cause important

changes in the surface. Also, additional work at the m :h less expensive

double-zeta level should therefore provide useful results. This is an

important observation that permits using a DZ basis for the more expensive

3 1+
0(3P) + CO2 (Iz) PES.

Another benefit of the observed repulsive nature of the O(3P) + H2 0

surface is that the analytical representation of the surface is much simpler

than when minima must be reproduced.

Figures 7 and 8 illustrate the shape of the surface for two

possible displacements of the H2 0 molecule from equilibrium, the linear

configuration and an asymmetric stretch. Again the overall shapes of

the curves are similar, but there are observable differences caused by

the displacement of H2 0 as a function of O-atom position which .iust be realisti-

cally described in order for the dynamical calculations to result in

reliable cross sections.

Probably the distorted structures having the most significant

effect on the 001 cross sections involve asymmetric stretch displacements.

This is also expected to be the route taken for the reaction O( 3P) +

l2 o0(%,Al) - 20H( 2 n), as shown in Figure 1. Since the bond energy of

H - OH is 119 kcal/mole and O-H is 102.4, this reaction is endoergic by

only 17 kcal/mole. At the collision velocities of interest in the current
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work, it does not appear likely that the reaction itself will withdraw

much flux from the vibrational excitation channels, since little time

is available to sample the reactive channel. However, for those

trajectories in which large displacements of the OH bond occur, the

potential surface used in this work may not be entirely accurate. Even

Ithough a number of points involving asynmmetric stretches of H 20 have

been computed, it is outside the scope of the present work to considerr reactive collisions. Hence, there are not enough points computed
I~ I to locate and classify a possible transition state region. This should

be done in future work.
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B. The Analytical Representation of theO(3p) + H20 Potential Energy Surface

The accurate representation of multidimensional potential

energy surfaces has always been a formidable problem. A common

approach is to employ an expression that incorporates as much physical

insight as possible in the functional form, and which has a number of

parameters that are adjusted to empirical data. Examples of this

approach are found in applications of the London-Eyring-Polyani-Sato

(LEPS), valence-bond (VB), diatomics-in-molecules (DIM), and many-body

expansion methods for polyatomic systems.( 15 "18)

Recent developments in ab initio methods for calculating

potential energy surfaces will require new, systematic approaches for

obtaining useful analytical representations. Progress has been made in

spie(19,20), oyoithis area using,for examplemultidimensional splines, polynoinl

root interpolation, (21) and many-body expansionV2'23)An important goal

is to develop methods that can be systematically applied and that require

a relatively small number of ab initio points

The method used in the present work is based on the Sorbie-Murrell

many-body representation of a potential energy surface,(24) which has been

applied by Murrell and coworkers to a number of systems.(18) For studying

non-reactive collisional excitation processes involving an oxygen atom

colliding with a water molecule, the many-body expansion can be written

V(O, H2 0) Voo(RAB) + VoH(RAc) + VOH A

+ VH2 (R~c, RBD, RCD) + VOHH(RAc, RAD, RCD)
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+ VOOH(RAB, RBC' RAC) +VOOH(RAB, RBD RAD)

+ VOOHH(RAB, RAC, RAD' RBC, RBD' RCD).

In this expression A and B represent the reagent atom and oxygen atom in

the molecule, respectively, while C and D represent che hydrogen atoms.

Since reactive channels are excluded from the present study,

one can choose the fragment potentials to ensure that the contribution
of the four-body term is small. Since the ab initio points show a

repulsive surface (in the region sampled), the two-body terms are

chosen to be exponentials. The term VH 0 is taken to be an accurateS2 (8,5
ground-state surface for the water molecule, 825)All of the remaining

three- and four-body terms are represented as products of polynominals

times suitable cutoff functions.

The choice of exponentials for the intermolecular pair potentials

is made so that the simple sum-of-pairs p!us intramolecular force field

representation

V(2)O,H 2O) Voo(RAB) + VOH (RAC) + VoH(RAD) + VH2O(RBC,RBD,RCD)

contains the essential features of the surface. The two-body terms are

represented as sums of twu tAponential functions

-a R -c R

VAB(R) Al e + A2 e -C/R6

with the exponents adjusted to the slope of the surface along two cuts.

The linear coefficients are determined by linear regression using a

large number of points for which H20 is at its equilibrium. The resulting
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fit is tnen corrected by addino in the additional three-body and then

four-body terms, using linear regression at each stage to determine the

polynomial coefficients. This time, points that represent vibrational

displacements of H2 0 away from equilibrium are included. This allows
the fit to properly describe the variation of the force constants of the

water molecule with the approach of the oxygen atom. It should be

mentioned that sequential inclusion of the higher order terms is necessary

to avoid unphysical behavior of the fit in regions where ab initio points

are not available. This undesirable behavior always occurs if all of

the coefficients are adjusted simultaneously.

The decay functions used to damp out the polynomials are of

the form(ll)

N
1I [1 - tanh (yiSi/2)]

i=l

where N is 3 or 6, andSi =S R-Ri. Both Rio and y. are chosen to shaý.

the functions so that the ab initio points could be fit without the polynomial

coefficients becoming too large. This helps in smoothing the overall

representation of the surface.

A very important feature of the many-body approach is the

convenience with which information about the fragments can be included.

Since this study emphasizes collisional energy transfer, it is important

to have a reliable surface for the water molecule that reproduces the

known force constants.

The first potential used was a very accurate Quartic force

(8)
field obtained by SDQ-MBPT(4). Because high velocity collisions

are found to greatly perturb the bending mode, a potential that is
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reliable further from equilibrium is required. Consequently, the Sorbie-

Murrell repiuesentation of the water molecule is adopted, but with parameters

determined so that the fit reproduced the MBPT quartic force field(25)

(24)
rather than experiment.

In Table 10 a comparison is made of the force constants obtained

in Reference 8 with those of the fit,(25) and the agreement is seen to be

excellent. As seen in Figure 9, however, the bending potential from the

fit for H.0 is much more realistic away from equilibrium than is the

quartic force field. This is demonstrated by the existence of a saddle

point for the bending motion for a linear geometry of H2 0 for the many-

body fit with a barrier of 1.296 eV above the weter equilibrium energy,

while the quartic force field does not even have a saddle point.

Experimental estimates are that the barrier is 1.37 eV above the equilibrium

(19)energy, while calculations using the present DZP basis give 1.5 eV.

Using the many-body fit for V results in an order of magnitude increaseH20
in the asymmetric stretch excitation cross section at 1.5 eV relative

energy. It would appear then that the choice of VH20 is critical for

studies of collisional energy transfer in water. Contours for the

stretching displacements of H2 0 are in Figure 10.

The ab initio points are selected with the dynamics applica-

tions in mind. Since high-velocity collisional excitation of the

vibrational modes is of interest, most of the calculations are made

for 0(3P) in the plane of the H2 0 molecule. In Figure 2 the distribution

of points in this plane is shown for H20 at its equilibrium geometry.

As discussed previously calculations are also made for out-of-plane

geometries and for nonequilibrium H20 configurations.
44
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Murrell representation of the water molecule is adopted, but with parameters

determined so that the fit reproduced the MBPT quartic force field(25)

rather than experiment.( 2 4)

In Table 10 a comparison is made of the force constants obtained

in Reference 8 with those of the fit,(2 5 ) and the agreement is seen to be

excellent. As seen in Figure 9, however, the bending potential from the

fit for H20 is much more realistic away from equilibrium than is the

quartic force field. This is demonstrated by the existence of a saddle

point for the bending motion for a linear geometry of H20 for the many-

"body fit with a barrier of 1.296 eV above the water equilibrium energy,

4 while the quartic force field does not even have a saddle point.

Experimental estimates are that the barrier is 1.37 eV above the equilibrium

enerqy,(19) while calculations using the pre- nt DZP basis give 1.5 eV.

Usinq the many-body fit for VH20 results in an order of magnitude increase

in the asymmetric stretch excitation cross section at 1.5 eV relative

energy. It would appear then that the choice of VHO is critical for

studies of collisional energy transfer in water. Contours for the

stretching displacements of H2 0 are in Figure 10.

The ab ini'io points are selected with the dynamics applica-

tions in mind. Since high-velocity collisional excitation of the

vibrational modes is of interest, most of the calculations are made

for O(3 P) in the plane of the H20 molecule. In Figure 2 the distribution

of points in this plane is shown for H2 0 at its equilibrium qeometry.

As discussed previously calculations are also made for out-of-plane

geometries and for nonequilibrium H20 configurations.
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TABLE 10. FORCE CONSTANTS FOR H2 0

EXP MBPTb FITC

L 1 3831.5 3865.0 3864.9

w2 1648.8 1687.4 1687.4

w3 3942.2 3975.0 3975.0

k ill -302.5 -304.2 -304.2

k222 63.6 42.9 42.9

S122 167.4 148.6 148.0

k211 -53.1 -61.8 -61.8

k1 3 3  -927.8 -914.1 -914.1

k2 3 3  -138.8 -111.7 -111.6

kIIII131.9 31.5 31.5
k

2222 2.1 -2.6 -2.6

k3333 35.4 32.0 32.0
ki122 -85.6 -75.1 -74.8

k1133  201.3 190.3 190.4

k2 2 3 3  -101.1 -91.7 -91.4

+ -1

Units are cm

i a Hoy-Mills-Strey.

b MBPT

c Many-Body Fit.
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FIGURE 9. 8ENDING POTENTIAL FOR H20 FOR OH AT THE MOLECULAR EQUILIBRIUM
BOND LENGTH. lHE CURVES MARKED MBPT-Q AND MBPT-F ARE THE
QUARTIC AND MANY-BODY REPRESENTATIONS RESPECTIVELY. THE
UURVE SL IS FROM THE MANY BODY FiT OF SCHINKE AND LESTER TO
ANOTHER AB INITIO CALCULATION.
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A number of fits to the computed ab initio points are made,

using various combinations of points and terms in the many-body expansion.

Those that are discussed here are used in trajectory calculations that

will be presented in a later section. The various fits are denoted by

combinations of alphanumeric characters, such as E2a. Th•s fit is
•.2

determined using only two-body terms for the intermolecular potential.

SEja uses three-body terms to second order, and F4a uses four-body terms

to second order. E3 (4)uses three-body terms to fourth order. Eja, F3b,

r and F differ essentially in the weights used for the linear regression,
3d

and the choice of parameters for the cutoff functions.

In Figure llare shown bending potentials for motion of the

incominq O-atom in the plane of the H2 0 molecule at a constant distance

of 3.5 a from the center-of-mass of H2 0. 0" corresponds in Figures 11-13

to an approach along the z-axis toward the two hydrogen atoms, and 180'

corresponds to an approach toward the O-atom end of the molecule. The

two curves labeled F represent the best fits, although the two-body

fit E2a is realistic. Subtle changes in the choice of weights or of

the nonlinear parameters can significantly affect the quality of the fit.

The three-body fits in Figure 11 involve only second-order polynomial terms.

The influence of higher-order terms is illustrated in Figure 12.

Fit 4) employs three-body terms to fourth order, and provides a fit

to most of the 74 points used to within aoout 1%. Although this is an

accurate fit to the computed points, the possibility of the occurrence

of unphysical oscillations prevents its use in trajectory studies as many

of the polynomial coefficients are quite large. Further work at this

leve' would be likely to produce a useful surface.

48

4LJL - ý- A_



0+ H20

F3b

2-7 F3d
GE)

4-

0 45 90 13,r 180

& (degrees)

FIGURE 1I. BENDING POTENTIAL FOR O(3P) ABOU T H20 IN DIE PLANE
OF 71HE MOLECULE A T A CONS TAN T DIS TANCE OF 3.5 a0
FROM THE MOLECULAR CENTER-OF--MASS. THE VARIOUS
FITS ARE DISCUSSED IN THE TEXT. COMPARISON IS
BETWEEN A SUM-OF-PAIRS REPRESENTATION AND THESE
THREE-BODY F ITS TO SECOND ORDER
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50



In Figure 13 the influence of four-body terms (F 4 a) is shown.

In this fit, the three-body coefficients of fit F3 d are used, and only

the four-body coefficients are adjusted by regression. It can be seen

that the four-body contribution is negligible except between 0' and 30',

and there it is small. This is the case for all other cuts that were

examined, and is the result of having obtained a good three-body fit.

In Figure 14, the incoming O-atom is fixed at various distances

from the molecule center-of-mass, and the molecule is bent to a linear

configuration. The four-body fit is shown, and a small barrier is seen

to occur for the 3.0 a0 curve. This is an artifact prcduced by not having

a sufficient number of ab initio points. In Figure 15 the differences in

the fits are presented for a symmetric stretch displacement. The three-

bedy curves are similar in shape, but the four-body curve is somewhat

softer, and not necessarily more accurate. The ab initio points are riot

shown on these two figures because the geometries used do not exactly

correspond to the motion described in these figures. Figure 16 presents

a yz plane view of the potential contours for the 0 + H2 0 surface,

with H2 0 at equilibrium. The surface cut is seen to be fairly circular,

only skewed somewhat due to the influence of the hydrogen atoms.

Studies of many cuts throuqh the various surface fits demonstrate

that a sufficiently accurate representation of the 0( 3 p) + H2 0 PES

is obtained (considering the limited number of points available) using

three-body terms through second order. Quasiclassical trajectories are

used to examine differences in the collisional excitation cross-sections

resulting from several surfaces. The results of this comparison wil'i be

given in the last section.
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FIGURE 14. BENDING FOR THE WATER MOLECULAR AS A FUNCTION
OF THE APPROACH OF O(3 P) ALONG THE C2V AXIS TOWARD
THE OXYGEN END OF THE MOLECULE. THE CURVES ARE
ALL FOR THE FOUR-BODY FIT.
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C. Some Aspects of the Quasiclassical Trajectory Method as
Applied to Collisiona'l Excitation of H20

Collisional excitation cross sections for 0 + H2 0 are

determined using the quasiclassical trajectory method. Although

the basic theory of trajectory calculations for :;v.:

(26)
collisions was developed long ago, the generalization of this

to collisions involving triatomics and higher polyatomics has been

investigated in detail only recently. The trajectory integration

itself is not too difficult (although it can involve significant

computer time) but the specification of the initial and final conditions

of the polyatomic collision partners requires the rather difficult

determination of tireir semiclassical vibration-rotation eigenstates.

If the molecular internal motion is quasiperiodic, 2 7) then the semi-

classical eigenstates can be determined by finding the good action

variables which describe vibration-rotation motion, and equating these

actions to half integral multiples of f. This is the procedure used

for each trajectory in this study, both for the initial state prepara-

tion, and for the final state assignment.

The determination of the good actions describing vibrativn-

-rotation motion requires the solution of the molecular Hamilton-Jacobi

equation which is a nonlinear partial differential equation in 3N-5 variables

(including rotation). Even for N = 3 (a triatomic molecule) an exact

solution to this equation is computationally extremely conmlex and is

not practical for collisional applications. Several approximations can

be used to simplify this treatment, however, including: (1) the separation
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of vibration from rotation (valid in the limit of an adequate vibration-

rotation time scale separation); and. (?) the use of classical perturba-

tion theory (in 2nd and 3rd order) to solve the 'three dimensional

Hamilton-Jacobi equation for vibration which remains after the separation

from rotation. Details of both the separation procedures and the

¶ ~perturbation theory solution are discussed elsewhere.~ ,9 For the

present application, the validity of the first approximation is tested

by comparing the ensemble average change in translational energy with

the sum of the vibrational plus rotational energy changes. If energy

is conserved and if the Hamniltonian is exactly separable, then these two

energy changes should have the same magnitude but oppositesigns. All of

our calculations indicate that this holds to better than l10', even for

highly rotationally excited H20. The accuracy of the perturbation theory

method is tested by calculating the final good actions from a given

trajectory at several different end points. If the actions are truly

constants of the motion, they should be independent of end point. For

H20 with zero rotational enErgy, the actions oscillate by + 0.05hi. This

is much larger than is obta-.ned in the analogous treatment of heavier

molecules lika O(8 but is consistent with expected errors due to

anharmonic effects in H 0 and is probably acceptable for calculating

22

energy equal to or greater than the vibrational zero point energy, the

good actions oscillate very substantially with end point location (by as

much as 0.5h). Obviously such large oscillations could lead to inaccurate

histogram probabilities and moments. Fortunately, for the stretching
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excitations, the amount of rotational excitation is much smaller than

the zero point energy, so these unphysical oscillations in the final

actions are closer to 0.051 than to 0.5F.

One very effective approach for partitioning the molecular

Hamiltonian to simplify vibration-rotation interaction effects

involves the use of classical rotation sudden approximations!30) These

are primarily applicable to high-velocity collisions, and have been quite

+ (31)
effectively applied to the Li+ + CO2 system. In the present applica-

tion, both sudden and fully coupled cross sections for vibrational

excitation are obtained.

Usinc either the sudden or fully coupled methods, a major

problem with t~e use of a trajectory method to calculate state-to-state

cross sections concerns the assignment of a final state to each trajectory.

One well studied approach is the classical histogram method. In this,

the final good actions are rounded off to the nearest half integer

multiple of Fi, and the trajectories are then binned by the final states

thus defined. This is known to work well when many states are populated

in the excitation process. At the velocities of interest in this study,

however, only the first excited symmetric or asymmetric stretch states

are found to be excited. This makes the histogram treatment of these

excitations somewhat uncertain. Moreover, the probability of stretch

excitation is often small enough in this system (on the 'rder of 0.001)

that the accumlation of good statistics requires the integration of a

very large number of trajectories (many thousands). A further problem

with the histogram mnethod is its inability to determine cross sections

(26)
for transitions which are classically forbidden.
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An alternative procedure for determining cross sections (one

which circumvents the above mentioned problems) involves the use of

moments of the final action distribution to predict the final state

distribution. In essence, this "moment method" seeks to construct the

quantum distribution based on knowledge of a few classical moments.

Justification for this procedure is based on the approximate equality

of low order classical and quantum moments for some systems, and on the

rF fact that it is possible to characterize quantum probability distributions

completely in terms of one or two morients. Although moment methods have

often been studied for atom-diatom systemsLu with comparisons of exact

quantum and moment method probabilities available, no analogous study of

moment methods for polyatomic systems have been done. In addition, it is

not particularly clear how best to generalize many of the existing momentI: methods to the treatment of polyatomic systems. The incorporation of

correlations between different degrees of freedom in the final state

distributions has not been considered, for example.

In view of the desirability of a moment approach, but also

the uncertainty in the application of existing ones, a very simple method

is adopted which uses moments to construct and extrapolate the classical

action distribution, then applies the histogram method to the moment

generated distribution to obtain cross sections. Assuming that the

exact classical action distributions can be accurately represznted in

terms of just a small number of moments, this approach will generate

moment transition probabilities which equal the histogram ones for

classically allowed processes. This is itself quite useful, for it
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provides a method for generating cross sections for low pi-obability

allowed processes without integrating many trajectories. In addition,

it provides an extrapolat~lun of the action distribution which can be

used tc, estimate weakly forbidden cross sections.

The motivation for using an extrapolation of this sort is

based on the actual appearance of' the action distribution.

When summed over all actions except the one of interest, this distribution

always exhibits an exponential decrease with action on both sides of its

peak value. For any finite number of trajectories, the calculated

distribution will, of course, truncate when the distribution decays

V to a low enough probability. The moment method smoothly extrapolates
th-ý truncated result to enable calculations of low probability allowedLi and forbidden events. For allowed processes, the method has obvious

justification while for forbidden processes, it gives a smooth extra-

polation of the allowed results. This extrapolation is probably inaccurate

for all but weakly forbidden processes, but since the transitions of

interest in this work are always either allowed or weakly forbidden at the

velocities of interest, the extrapolation is small and presumably accurate.

For most of the moment results to be presented, a simple exponential

function exp(-y IN-NI) is found to describe the action distribution

adequately. (Here N is the action, N the average of N and y is a decay

parameter which can be related to the second moment of N). Histogram

probabilities are easily determined using this distribution for each

mode, and the total (three mode) distribution is obta4ned by taking

products of the individuul mode distributions.
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In this study, a variable-step fixed order Adams-Moulton

method is used to integrate the equations of motion. Maximum separation

¶is fixed at 10 a%, and a suitable maximum value for the impact

parameter is found to be 4.2 a0 The initial step-size is fixed at

five atomic seconds. Sampling of impact parameters is done by

randomizing the orbital angular momentum. The range of collision

energies studied is 0.5 eV to 2.5 eV, and usually 500 trajectories are

run for each initial translational energy and rotational state. Initial

rotational energies are investigated up to a value corresponding to

about J=20.
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D. Cross-Sections for Collisional Excitation
of H20 by O'*P) Atom Impact

Quasiclassical trajectory calculations are performed on a

number of different fits to the ab initio Q(3p ) + H2 0 ground state

potential energy surface, using full three-dimensional calculations and

a classical rotational sudden approximation. The use of several fits

allows the effect of variations in the potential surface on the

computed cross sections to be investigated. In all cases the water

molecule is in its ground vibrational state.

In Table 11 moment cross sections are compared for several

different fits, all involving two-body terms to second order, This particular

translational and rotational energy are chosen because results are

available for all three surfaces. Considering the variations in the

fits, the cross-sections are in reasonable agreement, the largest

percent error being for the asymmetric stretch between fits E3 a and

F3 b, but still less than a factor of two. Trajectories are not run

for the sum-of-pairs representation for the rotational energy in

Table 11 , but at E 16 the 001 cross section on that surface is
ROT

within 50% of the cross section on surface E3 a. This comparison suggests

that errcrs in the results due to inaccuracies in the fit to the computed

points are probably less than a factor of two.

The comparison between moment cross sections and histogram

cross sections in Table 12 shows th.t the agreement is usually

excellent for large amounts of rotational excitation. For collision

energies above leV, the agreement is usually better than a factor of two.
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TABLE 11. COMPARISON OF MOMENT CROSS-SECTIONS*
FOR SEVERAL SURFACE FITS

K-

Fit (100) (010) (001)

E3 a 0.31 0.99 0.21

F3b 0.38 0.73 0.35

F3c 0.33 0.66 0.25

ETRANS = 1.5 eV

EROT 0.08 eV

Units are !0-16 cm2
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TABLE 12. COMPARISON OF MOMENT AND HISTOGRAM CROSS-SECTIONS*

EROT eV) Sudden 0.08 0.16 0.40 0.77

E3 a E3 a E3a E3 a E2 a

010

histogram 0.65 1.7 1.4 2.4 2.4

moment 0.37 0.99 1.3 2.3 2.9

001

histogram 0.06 0.I1 0.22 0.61 0.90

moment 0.13 0.21 0.33 0.58 0.91

100

histogram 0.22 0.40 0.54 1.0 1.1

moment 0.20 0.31 0.44 0.87 1.0

ETRANS 1.5 eV.

Cross-sections in 101 cm
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This is not the case below 1 eV, at least in part due to the poor

statistics for the histogram results, and the moment results are

probably more reliable. The moment results are generally found to beI

reliable only for one-quantum transitions once the histogram probabilities

become large. This is not surprising since they are obtained from only

the first two moments.

The results in Table 12 also demonstrate the almost linear

dependence of the cross sections on initial rotational energy. These

results indicate that experimentally determined cross sections will depend

on rotational temperature, and that experiments performed using different

(perhaps unknown) rotational distributions can yield considerably

different cross sections. The sudden results are found in general to be

within a factor of two of t.,e 3-D results for J =0.

In Figure 17 excitation cross sections are presented for an

initial rotational energy of 0.16 eV, which corresponds to about J= 10.

The vertical lines through some of the points give lo error estimates due

to Monte-Carlo sampling. Error estimates for the 011 and 110 cross-

sections are seen to overlap. The 020 cross section is not shown, for

clarity, since it almost overlaps the 001 cross section from 1-2 eV. The

200 and 002 cross sections are estimated from the moment distributions,

and are probably low by a factor of two. Results are presented at

2.5 eV only for the 100 and 010 cross sections, because only 175 trajectories

were run and histogram results are not reliable for the other transitions'.
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FIGURE 17. CROSS-SECTIONS FOR THE COLLISIONAL
EXCITATION OF H20 (000) BY O(3P)
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Moment cross sections (not shown) track the results reasonably

well. For example, at 1.5 eV the moment estimate of the 001 cross section

is 1.5 times larger than the histogram result, and for the 010 excitation

the histogram result is 1.2 times larger than the moment result. In all

cases the moment results are smoother as a function of translational

energy.

The experimental point in Figure 17 is the shock-tube result of

Dunn and coworkers, Reference 5, for the excitation of the 001 asymmetric

stretch. Results of this study for J = 0 fall almost through this point,

indicating that the experirn',ntal conditions must correspond to a low

rotational temperature to be consistent with these calculations.

Another observation from the present results is pertinent to

the interpretation of the shock-tube and molecular-beam experiments.

Since the 100 cross section is greater than the 001 cross section, by

about a factor of 4, and since the emissions from the two states overlap,

even though the 100 state has a much longer lifetime (180 m sec compared

to 17 m sec), the larger 100 cross section might contribute about 400/0 to

the observed signal.

In sunmmary, the results obtained in this study indicate that

cross sections for collisional excitation of H 0 by an atomic species can

be obtained to within about a factor of two for a given set of ab initio

points. This is the conclusion reached by considering different fits to

the points as well as two different techniques for generatinq cross sections.
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In summary, the results obtained in this study indicate

that cross sections for collisional excitation of H20 by an atomic

species can be obtained to within about a factor of two for a yiven

set of ab initio points. This is the conclusion reached by considering

different fits to the points as well as two different techniqueF for

generating cross sections.

These calculations ignore the possibility of chemical reaction.

An attempt was made to assess the importance of excited electronic

states by adjusting the sum of pairs fit to correspond with the cwo

excited-state surfaces where points are available. Asymmetric stretch

cross sections for the B2 state (C2v) are similar to those of the

4 3ground stLte, and cross sections for a model A2 surface (C2v) are

about 30% larger than the ground state at 2eV. Certainly further

work on this system must involve a search for reactive pathways in the

potential energy surface. Applications of the surface fitting procedure

and the dynamical calculations to a reactive surface would be tedious

but tractable.
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IV. 0 3P2 + C02L:E COLLISION

A. Potential Energy Surface

The collision between O(3P) and CO2 (IE) differs in several

important respects from thatobserved with H2 0. Primary among these

are that the CO bond is much stronger than an OH bond. For example,
0

the stretching force constant for CO2 is 16 md/A compared to 8.4 in

H2 0. From another viewpoint, it requires more than twice as much

energy to break the CO bond as an OH bond. These facts suggest that

CO2 should be harder for an oxygen atom to vibrationally excite than

is H20. To the contrary, the effective radius of CO2 is substantially

larger than in H2 0. However, this factor contributes only to the elastic

cross sections. Since CO2 is a linear molecule, this surface benefits

from higher symmetry than the H2 0 case, enabling us to obtain more

information from each computed point. Except for approaches along the

D axis, the O(3P) + CO2 ( 1 g) correlation diagram is similar to that

of H 0. This is illustrated in Figure 18. Figure 19 shows the orienta-

tion of CO2 in the yz plane and the distribution of ab initio points

on the surface.

When the oxygen atom approaches along the z-axis (i.e., the

D axis), the possible electronic states are a 3E- and a doubly degenerate

i. Just as in erH20, an approach along the C2 axis, which is the y-axis

n Figure 19, generates the three states, 3B, 3B2' and 3A2 . However,

unlike H2 0, when CO2 is stretched, symmetrically or asymnmetrically (but

not bent), the values computed at the points indicated on the y-axis define a
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FIGURE 18. CORRELATION DIAGRAM FOR D:.FFERENT DIRECTIONS

OF APPROACH FOR O(3 p) + (gr

i gi

Approach on Axis (C., Symmetry)

* I 3 1o-OCO)

3

.__n(O-OCO)

O( 3P), C02o E) __ (

Approachon Co Axis (C Symmetry)

JA (O-C-O),22
3 11

B2 (O-C-O)

I 0

,,"" .-- B (O-C-O)

+IO(3p), C lo E _ •"-
O(3P, C 2( 1+g)

Off-Axis Approach in Plane of CO2 (C Symmetry)

0*

.A" (O-C-O)

• 0
-Y A(O-C-O)

• • 0

,/ ,," A' (044-)

O(3p), C02I 1 +,-

70

...... .......... ,t• ''t•'• ll•i:• • :" Y



-y

O+ CO2

ab initp Point Distribution
Rc. 0 =2.2915B
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FIGURE 19. DISTRIBUTION OF AB INITIO POINTS IN THE PLANE
OF THE CO2 MOLECULE, FOR EQUILIBRIUM CO2
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locus of circles about the carbon atom. When a single plane of

symmetry is retained, such as by any approach in one of the planes

of the CO2 molecule, the controlling symmetry is Cs, providing a

ground A' and two excited A" states.

As justified in our study of the O(3 P) + H20(IA1 ) surface,

there seems to be little reason to determine the O(3P) + C02 ( I)

surface using the much more expensive DZP basis set. Consequently,

we exclusively employ a double-zeta (DZ) basis in this part of the

project. Such a basis is largely incapable of showing much of the

very slight Van der Waals region, which should occur about 7-8 bohrs

in this system. In the DZP studies of O(3P) + H20, this region is

somewhat described, although even a DZP basis is too small to provide

an accurate description. However, a fit could introduce the slight

Van der Waals well for 0 + CO2 from appealing to experiment, In the

current studies, this region is found to have such a small effect on

the cross sections that it is not considered an important element in the

surface in any event. Other than the Van der Waals region, the SDQ-MBPT(4)

DZ calculations are found to parallel the DZP calculations on 0 + H2 0.

The predicted equilibrium structure for CO2 gives a bond

length of 2.2915 bohrs which differs Dy about 0.08 bohrs from the

experimental valie. The separated limit is -262.74654 hartrees.

With reference to the distribution of ab initio points for

CO2 at equilibrium, shown in Figure 19, the computed values are

presented in Table 16. Figure 20 illustrates the four curves for

different angles of approach. Like the H2 0 + O(3 P) surface, the

repulsive nature of the curves is evident. In H20, the surface
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- 262.40 Ground State
0(3 P) + c02 (iz')

00

300 !

-262.50

900

Energy, 600
("'u.)_ 262.65o
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- 262.80
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Bohrs

FIGURE 20. COMPARISON OF THE SHAPE OF POTENTIAL SURFACE FOR
0(3F- + COA (lEg+) AS A FUNCTION OF THE ANGLE OF
APPROAC OF 0 (3p), WITHI CO2 EQUILIBRIUM
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is almost spherical, while for CO2 Figure 18 emphasizes the

cylindrical character that one would expect.

The steepest repulsive shoulder corresponds to a

collision along the D axis, rising 0.19 a.u. (i.e., 5eV) from

7 to 5 bohrs. This may be compared with the y-axis approach toward

H20, illustrated in the bottom curve of Figure 5, which is seen to

be less abrupt from 6 to 4 bohrs. This shows that the oxygen atom

may approach the smaller molecule more closely, but then increases

abruptly by 0.35 a.u. in the one bohr from 3.5 to 2.5 bohrs. Since the

H-atoms are displaced from the y-axis in H2 0 by about 38', another pertinent

comparison is between the 2 = 300 curve and Figure 5. In this curve,

the approach is less abrupt, changing 0.24 a.u. from 7 to 4 bohrs, compared

to almost twice that in H20, between 5.5 and 2.5 bohrs. As P increases

P6 to 90', the curves are shaped more like those in the H2 0 collision, but

still remain a little less steep, beginning their ascent in the vicinity

of 5 bohrs and rising to 0.2 a.u. in 2.5 bohrs. The slopes of the

four curves of Figure 20 in these steep regions are all quite similar.

Through the ability of the oxygen atom to approach H2 0

more closely than CO2 , a more drastic increase in the slope occurs,

making the H20 collision harder at short distances, while softer in

the intermediate range. The latter is due in some degree to the

influenct; of the dipole moment of H 20.

In Tables 14 to 16, the computed points for symmetric and

asymmetric stretch displacements and a few points for bent CO2 are

reported. For a symmetric displacement the values on the z-axis are
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TABLE 15. 0P)+ Co2 (g) GROUND STATE SURFACE FOR

CO2 IN AN ASYMMETRIC STRETCH MODE.

[01(0 ,0 , -2.33242b) C(O., 0., + 0.10908b),

09(0., 0., + 2.25060b)]

Pointsa
r SCF SDQ-MBPT(4)

5.5 0.0 90 -262.26705 -262.66806

5.5 180 90 -262.26211 -262.66304

3.5 90 90 -262.26947 -262.66471

4.0 90 90 -262.30853

4.5 45 90 -262.26587 -262.66962

5.0 45 90 -262.30759 -262.70656

4.5 135 90 -262.26729 -262.67232

5.0 135 90 -262.30822

a Angles : 45' = 315'; 9 = 1350 2250; Q 90' 270'.

77



3 +

TABLE 16. 0( P) + C0(Z) GROUND STATE SURFACE FOR

CO2 IN A BENT CONFIGURATION [O(OI, 0.238628b,

-2.255210b), C(O., -0.159031b, 0.),

02(0., 0.238628b, + 2.25521b)]

Points
r 9 SCF SDQ-MBPT(4)

2.7 90 90 -262.06239 -262.47364

3.0 90 90 -262.15400 -262.56164

5.3 0 90 -262.23997 -262.64853

5.5 0 90 -262.27269 0262.67856
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slightly higher partially reflecting a slight increase in energy due to

CO2 being displaced from its computed equilibrium value, and partially

due to the oxygen atom and mrolecule being somewhat closer. The same trend

applies in the case of the 30' and 60' approaches, although at Q = 90',

the symmetrically displaced terminal atoms serve to slightly facilitate

the nearer approach of the oxygen atom.

In the asymmetric case, results are obtained that largely

depend upon which side of the molecule is nearest to the colliding

oxygen atom. A difference of .005 hartrees is observed on the z-axis

at 5.5 bohrs, and somewhat less for the approaches at 45' and 135', slightly

favoring the latter. In the asymetric stretch configuration, the energies

on the z-axis are both higher than their values with C02 at equilibrium.

Just as in 0(pthe ground state surface for 0( 3P) + CO2 I .*)

shows a comparatively simple repulsive nature, which can be conveniently

fit to an analytic form as discussed in Section IV. B. The excited states

that also correlate with an 0( P) atom at the separated limit are not

considered. In the case of H 20, these are found to make very little

difference in the cross sections. The program plan specifies studying

collisions only on the ground state surface; and, because the cross sections

obtained in Section IV.D. are so small, a more detailed study incorporating

the excited s~ates would be very unlikely to gain more than a factor of 3

or so, while at least an increase of one or two orders of magnitude would

be necessary to make the direct excitation of the C02(001) mode (as opposed

to indirect excitation) an important contributor to the infrared plume

signature.
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B. The Analytical Representation of the
O(3 p) + CO2 Potential Energy Surface

The PES for O(OP) + CO2 is represented in the same general

3form as the O( P) + H2 0 surface, namely as the sum of intramolecular (C02)

and intermolecular terms. The intramolecular potential for CO2 is represented

as a many-body expansion similar to H20. There are two significant differences,

however, the first being the use of an experimental CO2 force field,

rather than a theoretical force field. The second is the use of internal

sysmmetry coordinates instead of bond displacements for the CO2 polynomial.
The experimental force field of Kuchitsu and Morino(32) is used since,

unlike H20, no theoretical determination of the CO2 force field of sufficient

accuracy exists.

The form of the CO2 potential is

Vro (RI, R2, R3 ) Vco(RI) + Vco(R 3) + V0 (R2 ) + V3 (RI, R2 , R3 )
2 2

where R1 and R3 are the two C-O bond distances and R2 is the 0-0 bond

distance. V CO and V 0  are the CO( z) and 02(3E ) diatomic potentials.

V3 is a three-body term and has the form

V3  A(I - tanh 2)(- tanh y2 S/2)(I - tanh y3S?/2)P(SI, S2, S3)

where A, Y y,2' and are constants, and P is a polynomial in the

internal coordinates. These are defined as
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2 _ /2 R2
Sl : (R 3 RI)/2)

$2= -2R + 2 23_ R1.S2I2

S3 =2 1 3R2

where R 2 is the molecular equilibrium value of R2. Note that VC02 should

be symmetric with respect to SI-)-S1 and S$2÷-S. For this reason the
1 1n 2 rahe

switching functions in V3 are chosen to be functions of S1an S2rte

than S1 and S2 The use of SI, S2 and S3 rather than RIP R2 and R, as

is done for H20, is necessary because the polynomial expansion of V3 in

the latter variables p-ovides an ill-behaved representation of the quartic

force field for iinear molecules.

The parameters for V CO2 are given in Table 17. In Tablel8

the quartic force constants obtained from V CO2 are compared with those of

Kuchitsu and Morino, and the agreement is seen to be excellent. The

present fit should provide a realistic extrapolation from the accurate

representations aro-und equilibrium to the separated diatomic fragments.

Figure 21 shows potential contours for stretching displacements of R1 and R3

The 0 + C02 intermolecular potential for the lowest 3A" surface

is represented as a sum-of-pairs potential, similar to the Ea fit for

H20. Time did not permit including higher order terms, but experience with

this level of fitting indicates that a reasonable representation of a

four-atom nonreactive surface is obtained in this way. Excitation cross
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TABLE 17. PARAMETERS IN co(a)
C2

A. Two Body Terms

2 a R3 -a AR
Vxy -DXV(1 + ay A xy + a2xy Ry 3xy xy)e xY

AR R0
xy xy xy

xY Dxv 2 x 3xyx

CO 11.2245 3.7102 1.5944 1.5422 1.1282

00 5.2130 5.4454 7.7859 5.9951 1.2078

B. Three Body Terms

A = 3.9909

Y1 = 3.571068

2 = 3.571068

3 5.4454

R 2. 32303

2
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TABLE 17 (Continued)

Polynomial Term Coefficient

1 1

S3 1.5678

S• 21.5871
1

S2 2.8483
2

S3  5.6727

S1 S3 2.8466

S2
2 S3  3.1655

S3 7.5278

S1 -4.2510

S 22 3.99741 2

S 2S2 6.8399

S• 3.1893

S22S3 18.391

S4S 8.8036

(a) Units are such that unprinted distances in A give energies in eV.
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TABLE 18. QUARTIC FORCE FIELD PARMETERS
FOR CO2 POTENTIAL FIT~aJ

Present Fit Kuchitsu dnd Morino

WI 1354.8 1354.8

32 672.7 673.2

W3 2395.7 2395.7

k 45.0 45.0

k -73.9 -73.8

k1 3 3  252.5 252.5

kl4ll 1.2 1.2

k33 3 3  6.6 6.6

k1122 -9.1 -9.1

kl133 20.3 20.3

k -27.7 -27.8

(a) All parameters are in cm". For definitions

of terms used, see Reference 25.
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sections forO + H20 on a sum-of-pairs surface differ by no more than

a factor of two from cross sections on a more accurate fit containing

three-body terms.

Denoting the 0 atom to C distance as R49 and the two 0 atom

to 0 distances as R5 and R6 , the expression for the intermolecular

potential is

-•R4 -sR 5  -BR6
=Ae + Be + Ce

The parameters in this expression are A = 286.97 eV, B = 2195.9 eV,

-l -I
c = 1.5563 a, and F = 2.2250 a-

0 0
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C. Quasiclassical Trajectory Calculations ds Applied
to Collisional Excitation of CO2

Both full 3-D and rotational sudden calculations are made

3for 0( P) + CO2 as for O(3 p) + H20. The procedure for integrating

trajectories is similar, but there is one difference in treating the

initial and final conditions. For C02 , an approximation is introduced

that involves the omission of a certain Fermi resonant term, one that

couples the bend and symmetric stretch modes in the Fourier representation

of the good action variables. This term cannot be treated using the

presently available nondegenerate perturbation method for defining action-

angle variables. Severai numerical tests indicate that this term has no

influence on excitation of the asymmetric stretch mode. Note that this

approximation is only introduced to allow the use of perturbation theory

to determine the good actions used in defining quantum states, and that

the full interaction potential is used to integrate the trajectories.

As discussed in the application to H2 0, a problem arises with the

use of the histogram method in defining state-to-state cross sections when

very few or no trajectories finish in the desired bin. This is often true

for the CO2 asymmetric stretch excitation, since rarely more than a few

trajectories (out of 1000 to 2000) lead to asymmetric stretch excited

states. To extrapolate and interpolate cross sections at velocities

where poor statistics make the historgram results unreliable, a moment

analysis can be employed, and checked against histogram results where

they are available.
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In 0 + H 20, an exponential expression is found to conveniently

represent the final state distributions. In the case of 0 + CO 2 1 this

is not as satisfactory, but an expression

2 X

seems to be suitable. The value X =1.3 accurately represents the

nonzero histogram results and is consequently used to determine the

interpolated cross sections.
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D. Cross Sections for Collisional Excitation
of CO2 by O(3P) Atom Impact

Figure 22 and Table 19 presents the theoretical cross sections ,•or

excitation of the asymmetric stretch mode of C02. The result ldoelled

Q(OOl)is for the direct process OO 00, while the label Q(NNl) results from

summation over the symmetric stretch quantum number N and the bend quantum

Number N' for those transitions leading to one quantum of excitation in

the asymmetric stretch mode. Since infrared fluorescence between (NNlI)

combination states and (NN 0) significantly overlap the 0014O00 emission,

it is likely that many experiments are actually measuring the total cross

section Q(NII ) rather than Q(00l). At velocities of 6 km/sec or greater,

this study shows that combination state excitation is substantially more

prooable than direct excitation of the 001 state, so that Q(NN 1) is much

larcier than Q(001).

The results in Table 19 suggest that Q(001) is immeasurably

small except at very high velocities. At 6 km/sec, Q(001) has a value

from this study of 3 x 10 cm , while Q(NN'l) has a much larger value

of I x 10 cm2. Statistical uncertainty in these results is + 50 pei<ent.

The effects of CO2 rotational excitation on both Q(001) and

Q(O'WI) are summarized in Table 20. A slow increase in these cross

sections with increasing J is found up to high rotational energy. Although

this result is different than found for 0 + H20, it is consistent with

the greater time scale separation between rotation and vibration in COL

relative to H20 due to the large CO2 momeit of inertia.
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TABLE 20. EFFECT OF CO2 ROTATION ON VIBRATIONAL
EXCITATION C OSS SECTIONS(a)

EROT(eV) 0 .025 .087

J(CO2 ) 0 23 42

No. trajectories 2000 1000 1000

MAX t 550 550 550

O 19(b) .19(b)
Q(Ol)2. xlOIg 2.8 x 10 3.9 x '0

Q(NN'l) 8.8 x i1018 1.0 x 10 17(b) 1.4 x 10 17(b)

a Cosscinarinc 2

Cross sections are in cm2 Relative velocity is 8.1 km/sec.
Result of scaling calculation. Where histogram values were also

obtained, the scaling result agrees with the histogram result
within the statistical uncertainty of the latter.
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V. DISCUSSIONi OF RESULTS AND SUGGESTIONS FOR FURTHER WORK

This report presents results of a first-principle theoretical

determination of cross sections for vibrational excitation of H20 and C02

from collisions with 0( P,1 atoms. Correlated potential energy surfaces

are obtained with many-body perturbation theory and fit to analytical

expressions. The analytical fits are used in quasiclassical trajectory

calculations to determiine vibrational excitation cross sections averaged

over final, rotational states. Classical perturbation theory is used to

solve the H-amilton-Jacobi equations to obtain good actions for the semi-

classical final state analysis.

A goal in this work is the prediction of cross sections to1within a "factor of two" of their accurate values. To this end the effects

Lof errors -in the results due to approximations in each phase of the

calculation are investigated by running trajectories on various fits to

the potential surfaces. This proced-re uses fits that differ from one

another by more then the errors in an ab initio surface, and also fits

that reflect the differences between the ground state surface and the

first two excited states for H20. In lic'st cases the cross sections

are cnanged by less than a factor of two. One exception occurs when

a quartic force field is used for the H 0 potential, in wiich case the

cross sections differ from a more realistic fit by an order of magnitude.

Convergence to the correct potential )s assured by comparisons of

different leveis of correlation and by using different basis sets.



Theoretical studies such as this are not only of value because

of the large number of excitations for which results are obtained, but

as an aid to the experimnentalist as well. In addition to providing results

for transitions that cannot be determined by experiment, results often

can help in the interpretation of the experiments. The dependence of the

cross sections on rotational energy discussed in the text indicates that

reagent rotational temperature will affect the vibrational energy transfer.

This might be important in interpreting shock-tube results. Also a larger

CrosF section for 100 than 001 in H 0 can affect the experimental interpretation.

The results for CO, show that excitation of NO~ states is more

probable by up to two orders of magnitude than direct excitation of the

001 state. As discussed in the text, radiation from t~l states is likely

to obscure the 001 radiation, and this can affect cross sections obtained

in somie experiments. If radiation from 001 is indeed observed, then a

multiple collision environment probably exists and a study of collisional

deactivation of excited vibrational states to 001 is necessary. It should

be noted that final state rotational distributions and angular distributions

can be ob§ m--ed from the theoretical approach, and would likely lead to

an increased understanding of these collision processes.

Just as there are many difficulties in complex beam and shock

tube experiments, there are characteristic problems in the theoretifcal

calculations as well. These problems are discussed more fully throughout

this report, but it is useful to summnarize the possible errors here in

order to assess the reliability of the computed results and to suggest

possible future refinements of the calculations.
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initially, it should be emphasized that all results reported

here are first principle, except that empirical information is used

for the CO2 force field. The information with which we start is simply

the nuclear charges and the numbers of electrons of the atoms involved.

The electrostatic hamiltonian constructed from this information includes

the kinetic energy of the electrons, the electron-nuclear attraction,

and the interelectron repulsions. Armed with such a hamiltonian

we attempt to solve Schrodinger's equation to define the PES.

The method of solution is approximate in the sense that a finite

number of basis functions are used and all possible interelectronic repulsive

effects (called correlation) are not included. However, demonstrated

experience tells us that the level at which we are solving Schrodinger's

equation is sufficient for the problem at hand. We also find only

insiqnificant differences in the PES when chanqinq from a small number of

basis functions (i.e., the double-zeta level, DZ) to a larger number

(i.e., double-zeta plust polarization, DZP). Similarly, only small cha'iqes

occur between the uncorrelated self-consistent field results and our

SDO-MBPT(4) model, which essentially adds all the correlation effects

due to single-, double-, and quadruple-excitations into the problem.

This tells us that an improvement in basis set or in a hiqher inclusion

of correlation effects is not going to make any important difference in

the PES, so Schrodinger's equation is essentially solved for the ground

state PES.
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The next stage of the calculation involves the analytic fit

to the computed ab initio points whose accuracy seems sufficient. The

accuracy of the cross sections is therefore primarily a function of the

quality of the fit to the computed points. if the fit is good most places,

but introduces wells or barriers that should not be present, cross

sections could be inaccurate. This is a difficult part of the problem

because as yet, there is no general procedure for fitting a four-atom

surface.

As a result there are many approaches, and building upon one

of these that has been found to be successful , a satisfactory procedure

has been developed during the co-rse of this work. We have been greatly heloed

in this by the simple repulsive nature of the computed surfaces. About

tne only test of the fit that is possible, other than simply making several

plots that compare the fit to the comfputed points, is to attempt some

'sensitivity" analysis. Essentially, this means compute the cross-sections

from trajectory calculations for a given fit to the surface, then modify

several of the parameters in the fit and repeat the cross section calculations.

If tnis is done for a fairly wide range of possible fitting parameters,

it is possible to conclude tnat the cross-sections change within a specified

tolerance. This is done for the H 20 cross sections, concluding that the

cross sections are insensitive to within a factor of 2 for substantial

changes in the fit parameters. This provides a measurable degree of

confidence in the predicted results. Due to the use of a simpler fit for

the 0 + CO, surface, the cross sections are not as reliable as for 0 + H 0.

Future work should involve obtaining a better fit.



The last element in the computation, the actual determination

of the cross sections, also involves approximations. Recognizing that

the collision velocities of interest in this work are relatively high,

it is possible to use quasiclassical trajectory methods to obtain the

cross sections. This means using classical mechanics to describe the

actual colliding particles, but combining these techniques with good

action-anigle variables that permit the trajectories to be reliably

resolved into specified vibrational-rotational states. When the number

of trajectories binned into a vibrdtional-rotational state is statisti-

cally inadequate, ten either an exorbitant number of trajectories must

be computed to obtain statistically meaningful results, at great expense,

or the histogram method needs to be augmented with moment analysis, as

described in this report. Tne application of moment methods to polyatomics

is new with this work, and its reliability for different types of excitation

has not been investigated. Care is taken in this study to obtain pro-

cedures that are reliable for the asymmetric stretch excitations.

Since there are many possible rotational states for each

vibration, several thousand trajectories would be required for statist 4 cally

meaningful results for rotational distributions. The objective of this

work, instead, is to provide vibrational cross sections averaged over

the rotational states. For the case of a very small collision-induced

vibrational excitation, such as the (001) cross section in CO,), statistical

tTuncertainties can be high, but recognizing the small magnitude of these

quantities is sufficient to discount the importance of direct excitation

of this state in the p~ume signature.
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The other approximation in the actual %ross section determi-

nation involves the perturbation approach, required for eficiency, that

is used to resolve the trajectories into the various quantum states. For

very high internal excitation, the perturbation theory does not converge.

Also, when the amount of rotational energy is equivalent to vibrational

excitation, coriolis coupling tends to produce large temporal oscillations

in the actions. These problems do not affect the present results.

This discussion describes some of the significant approximations

made in this work, all of which we believe are sufficiently accurate for

tris study. However, there are other aporoximations which are more

difficult to discount without additional work. Since all of these are

outside the scope of the current project, and since they mostly pertain

to higner-order effects on the cross sections, they have only been

considered superficially. A more thorough investigation is warranted.

Since an O03P) atom colliding with a molecule in a totally

symmetric ground state produces three electronic PES, the cross sections

for the collision are a function of all these states. One computes a

cross section for each possible electronic PES, ard the total, observed

state-to-state cross sections are found as one-third of the sum of the

cross sections. The difficulty and expense of determing these PES

reouires that this first effort should essentially focus only on the

ground state as it does, although in HO, the excited states are also

considered to some degree. When all three states are determined, tie

two lowest are found to be quite similar, with the third somewhat more

repulsive. By adjusting the fit of the surface to account for the
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changes in shape in the excited surfaces, an estimate of the change in

the cress sectiun due to excited states is made, and found to be on the

L-der of 30 percent for H2 0.

In CO2 s only the ground surface is considered. If there are

larger changes among the three states than anticipated, different, probably

somewhat larger cross sections would be found. A thorough study of these

excited state PES would require an approach for solving Schrodinger's

equation that gives t-xcited states of the same symmetry as the lower

states. We are developing many-body approaches for this problem, C!

approaches are applicable, and some MC-SCF techniques, but this is still

a difficult problem. Indirect pathways for producing 4.3 1, radiation,

Probably involving multiple collisions, should also be investigated

Another area for a more thorcugh investigation pertains to the

•,•e reactive channel in 0('P) + H2 0( 1 )2H(-, To study thi., wc must

tocus. on the reactive reqion of the enerqy surface and locate a transition

state. It appears from the correlation diagram, that the OH(2")molecul{

can be formed on both the ground and first excited PES, again placing

empnasis on a knowledge of the excited state. The sign of any possible

error dLe to this aporoximation is hard to assess. The effect of reaction

on the nonreactive flux could be estimated if the properties of the

transition state were known. The more reaction actually occurs, the less

flux will enter the vibrational excitation channels, reducing the cross

sections. However, if the surface develops a pathway leading to these

products, it may also enhance the vibrational cross sections by providinc
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an area that would encourage repeated collisions. Also, the possible

infrared emission of OH itself could also contribute importantly to

the plume sign~ature, and this should be investigated for that reason

as well.

A third area for future research would be to study the 0( 3p) + HF

and 0(3P) + HCl collisions. These should have most of the same properties

already observed for H 0 and CO2 but may add some new features since HOF,

HFO, etc., probably have a degree of stability. The PES for these

surfaces are easier to obtain precisely because they have only three

degrees of freedom, compared to six for the H 0 and CO2 collisions.

Aqai n, the experiments are highly difficult for these systems, and

reliable calculations should be a cost effective approach to obtaining

the necetsary kinetic data.

A fourth direction for additional work would be +the H20 with

H20 collision. This seems to be an important contributor to plume

signatures. Since it involves 12 degrees of freedom, and one can compute

only a limited number of points on the surface, the behavior of the

analytic fit. to this surface would have to account for much more of

the shape of the surface than in the 0 + H 20 or £02 collisions. However,

we have an exceptional fit for H 0 itself which could be incorporated

into the six-atom surface. In addition, there is only a single PES for

H0+ H20 and no open-shells are involved to complicate the calculations.

The H20 + H20 surface would have a number of local minima that the fit

would need to correctly describe.

ion~



One other problem worth mentioning is the collision of N2

with H2 0 and CO2. Again, there is only a single PES for their closed-

shell molecules, and there is quite a bit of experimental information

on this system. It would be interesting to study these collisions as a

function of vibrational/rotational state for N .

In the area of plume identification and detection, many other

possibilities for future theoretical c,,culations exist, since much of

the resolution of the signature problem rests upon a detailed knowledge

of the dtom-atom, atom-molecule, and molecule-molecule interactions.

First principle theoretical chemistry can contribute significantly to

311 of these problems.
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